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Apoptosis is the genetically ^^l^^^^f^ 
form of ceU death that penntts ^^^^^ 
disposal of ceUs at the point i*];^"?^ TJ*^/^ 
they h^ve fulfilled their intended biologi^ 
cal function. Examples of apoptosis can 
cited throughout the whole of the animal 
and plant Idngdoms, It is 
tanr process during normal development 
and the adult Mc of many Uving org^- 
isms. In humans, dysregularion of apopto- 

,is can result in '^^^^^T"""'^^^ 
autoimmune, and neurodegenerative^^— 
eases. In addition, infectious agents, in- 
cluding viruses, exploit ceUular apoptosis 
in the host to evade the immune system. 
This .-evicw gives a brief historical per- 
spective of some of the landmark discc^- 
tries in apoptosis research. I tic 
morphological and biochemical stages of 
apoptosis are then covered. foUowed by an 
overview of ho* it can be studied m Ae 
laboratory. FinaUy, the implicaUons for 
therapeutic intervention in disease treat- 
ment are discussed. 
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Slime mould, nematode worms, butterfly 
larvae, fruit flics, dwarf tree frogs, chiclcens, 
mice, and tats, to name but a few species, have 
all played their part in defining the ""P*""" 
of "apoptosis" or "programmed cell death . 
Apoptosis refers to the genetically regulated 
form of cell suicide that is morphologically dis- 
tinct from the degenerate process of necrosis. 

In 1858, Virchow described the progressive 
changes in the appearance of body tissues that 
occur shortly after dcach. and it was he who was 
the first to recognise that more than one form 
of cell death existed. Necrosis being where^ the 
mortified cell is left in its external form ana 
"necrobiosis or shrinkage necrosis bemg where 
the cell vanishes and can no longer be seen in 
its previous form"-' Necrobiosis is what we 
now recognise »S apoptosis. 



By 1 887, others were invesngating die differ- 
ent morphologies of cell death.- In 1885. 
W^lt^er FlemrSng was studying the regression 
of epithelium in mammalian lymphoid folb 
des and it was he who produced the first 
S^i^ of What we today -/^S"- 
morphologically »s apoptosis. andhe adopted 
another term "chromatolysts".' The first re 
view describing chromatolysis appeared m 
1914 and was wriuen by Ludwig Gr^P^^,J 
German anatomist studymg yolk sac 
shrinkage.' Almost 40 years m 1951 

GlocteH»«« was able to describe , fjro^f 
tfilysis-dtiring embryodevelopment -nim^^ 

years hence, experimental P**^'*'^***^.^*^?^ 
in earnest to invcStiEat* the ways m which *e 

ceUs in individual orgaas di« ^^•^•"e 
mcnt and in response to insult or miury. 

some of die early studies of this proc«s m 
mammalian tissues centred around 
pathology of liver atrophy 
die blood supply by portal vem bgation. Even 
m the liver was recognised as a potent.aUy 
Sefbl organ in this field of ^^udy because ofus 
phenomenal capacity to regenerate. It was 
essentially from this model that the concept 
was evolved whereby cell popolaoons could be 
held in balance nou,nly by P'^''^^'""^^^ 
also by some type of controlled death. Ev^n at 
that tLe. many good theoretical 
such a mechanism were obvious mcluding. 
regeneration and repair, maintenance of cellu- 
lar homeostasis, and control of organ sjzc 
Concepts relating to genetic ediimg for tne 
deletion of defective, mutated, infected, or oth- 
erwise functionally effete cells were shordy to 
follow, and the scientific understanding of 
regulated cell death slowly began to advance^ 

Several early snidies focused on histopadio- 
logical observations, and during the mid to late 
1960s, a great deal was learnt about eel death 
at the ultrastructur«l level using electron 
microscopy.* In 1972, a group of pathologists 
in Edinburgh-Kerr, >»Vllie. and Cume-^erc 
working in the field and realised that conven- 
tional terms such as necrobiosis, shrinkage 
neeroKis. cKromatolysis. coaguladve necrosis, 
or ischaemlc death were confusing and mad- 
equate to -delincate^e -rv^forms.^of^«li^^ 
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death-'* Thus, it was Kerr, Wyliie, and Currie 
who proposed, with the assistance of Professor 
James Cormaclc (at that time the Professor of 
Greek at Aberdeen University) the adoption of 
an unambiguous term "apoptosis" to describe 
specifically one of these methods of cell death." 
Even today, it seems that pathologists arc 
divided in opinion about the term "necrotic 
cell death", and alternative terminology has 
been proposed recendy." 

It was perhaps also Kerr, Wyllic, and Currie 
who were the first to realise the far reaching 
implications of apoptotic cell death wjthin the 
context of human cell biology and disease. 
Their work in the early 1970s has proved to be 
a scientific landmark, which to a large extent 
still upholds the principles that have conceptu- 
ally dominated research in this field until the 
present day.**" 

Early histopathological studies gave enough 
information to describe the division of apopto- 
sis into discrete morphological stages, and to 
advance hypotheses that have since been 
substantiated and underpinned by research 
performed in laboratorie$ throughout the 
world. During the 1970s, however, it is fair to 
say that interest in apoptosis research reached a 
plateau, with many members of the scientific 
community being unimpressed and uncertain 
of the potential importance of apoptosis. 

The real watershed for apoptosis research 
did noi arrive until the early JOSOs, when a 
succession of papers led to a huge revival of 
interest. In 1930, Andrew WylUe produced a 
paper on glucocorticoid induced apoptosis in 
cultured lymphocytes, which was possibly 
responsible for the resurgence of interest.'^ 
Three years later, apoptosis was showp to be 
Jinked to ihe activation of an endonuclease that 
cleaved DNA into regular sired fragments^ 
which could be demonstrated by gel electro- 
phoresis , Thus, the first biochemical evidence 
for apoptotic cell death was established." 

From that point forward, there has been 
almost a decade and a half where we have 
learned much about the detail of the remark- 
able and genetically complex process of 
apoptosis. Powerful genetic manipulation and 
molecular biology techniques have led to an 
exponential growth in our knowledge tof apop- 
tosis, and we now have a good, albeit 
incomplete, understanding of the myriad of 
genes that are involved in the regulation of this 
process. The race is now on to dissect these 
complex interactive pathways, in the hope that 
more detailed knowledge will lead to the design 
of more specific strategies for the combat of 
disease, 

Today, a current literature search using 
apoptosis as a keyword will reveal in excess of 
29 200 listed manuscripts, and interest in 
apoptosis research shows no sign$ of abating. 
As new apoptotic genes continue to be identi- 
fied, and new apoptosis related functions are 
assigned to familiar proteins, our understand- 
ing of this complex process will have to remain 

under constant review for the foreseeable 

future. 



Afford, Kandhav^n 

Apoptosis or necrosis: are there reaUy 
two pathways to death? 

It is important to recognise that 

relate to a ^morphological dcscnption of cell 

death only> and it remains possible that the two 

processes might be part of a continuum, with 

morphological necrosis being the ulnmatc fate 

even for cells that undergo epoptouc changes 

initiallv.'^ 

That the two pathways overlap to some 
extent is evident because in vivo one type of cell 
death is often seen accompanying the other and 
in cultured cells apoptotic cells can, under cer- 
tain circumstances, assume necrouc 
morphology.*** 

It is also important in the broader context to 
appreciate that regulated cell death occurs 
across the entire animal and plant kingdom— 
but for different reasons in humanreompaxcd 
with the slime mould (dichtyostclium).'* It 
therefore follows that during the course of evo- 
lution, many different pathways of achieving 
the same endpoint have developed. Thai is to 
say that cellular dismanding and recycling has 
developed in response to envirormjental pres- 
sures faced by the individual organism. In 
addition, it should not always be assumed that 
necrosis has no part to play throughout the 
normal life cycle of living organisms. For 
example, trees use dead tissues as an important 
structural component. In the dichtyostelium 
slime mould, stalk cell replication, a crucial 
phase Icadiog^fCL-sporc. dispersal, is arrested via 
necrosis rather than- apoptoSifi- ' — Some very 
recent and fascinating developmental studies 
also suggest that when the apoptotic pathway is 
genetically deleted, the normal developmental 
cell loss during mouse forclimb formation can 
still proceed — and it does so predominantiy by 
necrosis.*" Thus, an Open mind is still required 
about the relative contribution of these two 
types, of cell death to development and cellular 
homeostasis. 

Although we still have an incomplete picture 
of the individually tailored mechanisms of 
apoptosis or "programmed cell death**, there is 
now a broad acceptance of it$ importance to all 
living oi^anisms. Sufficient genetic and bio- 
chemical cvidencelexists to show that the path- 
way for regulated cell death in digit formation 
in tlie developing mouse embryo — for exam- 
ple, is different to the pathway that has evolved 
for the modulation of total organ mass or 
leucocyte numbers, the maintenance of 
immunological tolerance, the protection 
against deleterious chromosomal aberrations/ 
mutations, or the elimination of pathogenically 
infected cells within the whole organism. 

In the course of this review we hope to cover 
in summary what is known about how apopto- 
sis is initiated, how it is regulated, and what can 
happen when it goes wrong, all within the con- 
text of the pathophysiological processes that 
occur throughout life in humans. 

The stages of apoptotic cell death 
Apoptosis can be thoughc of as a scries of pro- 
gressive steps tliat lead desirably to the efficient 
dismanding of the cell in a manner that 
minimises the risk of leakage of potentially 
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harmful intracellular contents into the sur- 
rounding mjcroenvironment, where it could 
otherwise have harmful cytotoxic side effects 
(fig I). 

STAGE i: TRIGGERING APOPTOStS — MECHANISMS 
OF STIMULATION 

It seems likely that all living cells have evolved 
the generic capability to undergo apoptosis 
spontaneously. Although the mechanisms that 
lead to the starting of the "biological clock" are 
not understood, it seems likely that alterations 
in the environmental conditions thai the cell 
experiences can stan, accelerate, or slow down 
the process.*' " 

To enter into the apoptotic cycle the cell first 
encounters a signal to activate the relevant 
genedc madxinery. A^oi5d~exainplc of^physi- 
ologically important apoptosis in adult life is 
the life cycle of the mature neutrophil. >Xlien it 
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leaves the bone marrow and enters the periph- 
eral circulation, it is terminally diff^cnriated 
and incapable of further division. Should it not 
be recruited to an inflammatory lesion (where- 
upon it would release its potent and highly 
cytotoxic contents via degranulation), it se- 
quester in the lung, where the senescent 
neutrophils undergo apoptosis. Here, they are 
normally phagocytosed by resident alveolar 
macrophages."*" This mechanism ensures the 
safe disposal of these otherwise harmful cells. 
When this system is stressed as a result of over- 
whelming toxic injury or infection, massive 
systemic damage results (septic shock syn- 
drome). 

In the lymph nodes, cells that arc not 
exposed to feequcni antigenic siimulacion 
-ttndergo^onal-dcletion via apoptosis. This is a 
very good example of how withdrawal of 
factors can lead to apoptotic cell death-** This 



Apoptosis 



1. Stimulation 

Receptor mediated or 
non-recepior mediated 





flTThe iBtracellular response 

Signal transduction; activation of transcription factors; 
induction of apoptosis relatc^d genes; 
release of Ca"^; depletion of ATP 



3. Apoptosis 

Cell dismantling; DNA degradation; 
expression of phagocyte recognition molecules 




4, Piiagocytosis 





Persistence of inflammation 



Failure of phagocyte recognition 
leads to secondary necrosis and 
release of intracellular contents 



Ffii/rt / Th^ ftagci of apoptosis, 'Pm diagram iUusrratct dicfuur banc swgc^ of the apopcotic paihw^ OnOiihe adi has 
macked stage two and the caspase pat^rwe^f has been activated it is beticvcd that the process is irrwcntbic and ih* ccU 
cannot be rescued, Aft^f xtapc three, if the cell it in dose enough proximity to a phagocytic neigfibtmr and ts dtiplayms the 
Hahl molecular signature it is engulfcd^trnd broken dovin xchhiu-the phasscyteT^f th^t upoptor^e^ceU is not recagmsed tt tmU 
cwntuaUy ossionc necrotic ntorphc^ogy^ so called "secondary necrxtsis". 
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mechanisn) is of crucial importance in the rec- 
ognition of self and non-self, and maintenance 
of immunological tolerance.'^ Breakdown of 
ibis regulatory pathway results in a range of 
autoimmune and malignant conditions.*^ 
There is now also good evidence that entry inio 
the proliferative cycle is a crucial step in sensi- 
tising some, but not all, cells to apoptotic 
signals.** 

There are stimuli that originate from outside 
the cell that can advance Or delay apoptotic 
death. This stage of the process can be 
triggered by agents that can penetrate the cell 
directly, and modulate the apoptotic cascade in 
the absence of specific cell surface receptors. 
Escamples of such agents include heat shock/ 
stress factors,-' free radicals,*' ultraviolet 
radiation,^ numerous drugs and synthetic, 
peptides,** toxins/' *nd potent lymphocyte 
enzymes (the granzymcs).*' Other mechanisms 
are dependant on expression of appropriate cell 
surface receptors. 

Receptor mediated apoptosis has been dem- 
onstrated for numerous growth factors (for 
e^cample, transforming growth factor p'* and 
cytokines, including tumour necrosis factor 
(TNF)).'^ Of these molecular families, the 
TNF like molecules are a family of ligands that 
exist as soluble or cell bound forms and which 
are known to have a major rOle in the modula- 
tion of cell survival/apoptosis in cells of many 
lineages," " The TNFs act via a large family of 



with and activate other apoptosis inducing 
reccptor-^igand pairs. In addition, it seems that 
some family members, which are incapable of 
signalling because they lack a cytoplasmic tail, 
can funcdon as "decoy receptors". At present, 
Hcdc is known about the true biological role of 
many of these receptor family member?, 
beyond their sequence homology and distribu- 
tion throughout tissues. Detailed discussion of 
individual receptors is clearly beyond the scope 
of this review, and the reader is referred to 
other articles for further information,^** 

Expression of some of the TNF receptors 
appears to be restricted to specific cell types 
whereas others (for example. Fas (CD95/Apo 
1)) are distributed across a wide r^nge of cell 
types, and are thought to have a central role in 
ihe triggering of apoptosis.*'"^ This prototypic 
fatnily member illustrates how many receptor" 
mediated apoptotic pathways can be activated- 

STAGE 2: INTRACELLULAR SIGNALLING AhTER 
RECEPTOR UGAND BINDING 

The TNF receptor superfamily members are 
all typical type 1 membrane spanning glycopro- 
teins, with the N-terminus on the outside of the 
cell containing anywhere between one and six 
ligand binding domains. >X^ithin the cell, the 
C-terminus typically (for the death transducing 
recepton see fig 2) contains a region of about 
60-70 residues, which upon activation with a 
trimeric ligand, forms a cluster and a complex 



receptors expressed on the surface of the tgi ggr^ » g^%»»ca < l>*^ > if M : eU membrane with a number of 



cell, known as the TNF receptor superfamily. 
The TNF receptor family comprises at least 1 9 
members, which arc grouped together based 
on structural homology, but which in reality 
have a wide array of biological effects that 
sometimes extend beyond the regulation of 
apoptosis." At least four of them can trigger 
apoptosis directly, and although not containing 
an intracellular death domain themselves, 
several others do have the potential to interact 

The Fas dependant apoptotic pathway 




R«*«f)(«r dtutcrtits 
•nd Cu^uM ■cfivifioii 



Fijiure 2 Apoptotic ccH tUaih Mediated by the Fas rccepu>r poihway, Effector cctU (for 
csamplut aahwcd T fyMtphocytc^ presetti the Fas ligaiid (FqsIO »« ^ eonfomtation that 
pcmnts crosilifikinM and aggregation oj the Fas nciplor on r/itf Utrget cell. Th£ dusiering oj 
Faf i> the jxrst step in activating the intraccUuiar apoptotic cascade. Formation of a 
compl^x^ the Fas associated death domain (FADD), then restdts itt binding aid aciixiaduit 
of pnKijLipase 8 and the caspaje cascade. 



cytosolic proteinsno form the active "death 
domain" (for example, Fas forms the Fas asso- 
ciated death domain (FADD)). This receptor- 
ligand complex then becomes the recognition 
molecule for a precursor enzyme, procaspasc 

The caspasc family of enzymes contains 
cysteine proteinases that mediate a whole range 
of intracellular events, and a number of agents 
act by modulating caspase expression and 
activicy directly, bypassing ^e receptor 
pathway*' (table 1). There are presently 13 
known caspase family members, which form an 
intracellular proteolytic cascade that modulates 
many cellular events in the apoptotic pathway, 
including activation of transcription factors." 
Transcription factors are regulatory proteins 
that bind to specific initiation sites on DNA, 
and in turn modulate expression of genes that 
regulate production of pro-apopcotic and 
antiapoptotic factors. Such important apop- 
totic genes include the bcl-2 family of mito- 
chondrial proteins,^^ cytochrome c,'*'' the 
tumour suppressor genes p53 and p2I(WAF 
1), and many others.*" In a highly complex and 
as yet poorly understood way, it is the balance 
between these pro-apoptotic and antiapoptotic 
factors that controls the fate of the cell (tabic 

There is recent evidence suggesting thai not 
all apoptotic cell death requires caspase activa- 
tion. However, little is currently known about 
caspase independent death and its pathophysi- 
ological relevance awaits clarification.'" 

Much of what is currendy known about the 
molecular and genetic regulation of apoptosis 
has been die result of work carried out on the 



flU.G 11 2000 13:53 FR CISTI ICIST 

Dcntystift^ , . . /Ipopiosh 



613 998 492G TO 17606033862 



P . 07 



59 



Tabid / Genes and niolcculcs that nguhit apoptasis 



Cendmplcaile 



Bct-2 subCjimily (Ccd9 in Camorhabdins ekjsaHs) 

Bc}-2 

Bcl-xl 

BcUtf 

Bcl-iK 

Bax family 

Bax 

Bak 

Buk 

BH? RubfHinily 

Bjd 

Bik 

Bid 

Bik 

HRK 

BimL 

Cj»paM!S 1-1 3* (C«d3 in C tfi;siiZ7ir) 

Apaf-I (C^d^ in C degom) - 



pS 3 family of [umour supreisor gtmc^t 



Nicric oxide 
Cytochrome c 



PronuTTc* survival 
PromoCeK survive 
PmmnKt iuTVival 
PmmOCfrs detifa 

l*ronirtcj dcvth 
Promores dcKch 
Promoccfl dead) 

Promotes dtath 
Promotes detth 
Promoces death 
Promotes death 
Promotes death 
Promotes death 

These inierleukin Ip convening enzyme (ICE) like cynetnc 
pr9tciruif«F form a eentxal part bf the Jpoptotic cascade 
~T hin« a <l if > Tnr 4ttolecuigs Unk caspaic (Ced3) acdvadon and 
Bcl-2 (Ced9) CTcprevvion. Tb«ir fiuictioiis in pjoftotjlig death 
or survival remain to be defined 

p 53 ia ncccsMTy for ipoptosis induced by agents that cause DNa 
damage. Growth arrest occurs by acdvadoQ of p2l . pS3 c*n 
also aflccc the cicprcssian of bcU2 and bax directly. p2l/WAPl 
inhibits cyclih dependent kinases and prevents progression 
through the cell cycfc 

This molecule prevents apoprosis by altering bcl*2 expressiort 
and by nicrosylatka of caspases 

This molecule induces apoptosis via caspase acdvsdon 



Tliii tabic sTimm*risc» the major families of regulatory genes that are activated when o cHI undergoes apoptosis. The list is by no 
mcaivs exhpusdwe but grwcs representative family members. , 

Tile products of the bcl-2 gene subfamily are mitochondrial proteins that can eatist as homodimers or heterodimef? made up of dif- 
ferent pairings. Their functions ant still unclear but ehangn in the ratio of titeir ekprestion has profound effects on cell survival. 
''Inhibitors of JCE have alxn been described tecendy- 



nematode worm, Caenarhabditis cUgans, where 
the Ged- (cell-death^teSemial) ^a©dE3rEgJ gene 
family members have been ^oned arfa 
quenced, and ro which an array of apoptotic 
ftinciions ha^e been ascribed. Because many of 
these genes are highly conserved, mammalian 
homologucs of the Ced genes have now been 
found (table i).-"* 

STAGE 3: APOPTOSIS — ^THE MORPHOLOGICAL AVD 
BIOCHEMICAL CHANGES 

Release of intracellular calcium and depledon 
of ATP accompany the ongoing process/^ In 
contrast to necrosis^ there is no mitochondrial 
swelling and the cell begins to shrink with the 
plasma membrane remaining intact. Chroma- 
tin begins to condense and marginate towards 
the nuclear membrane periphery (fig 1). Mito- 
chondrial acuvicy increases with the synthesis 
and release of apoptosis regulatory proteins 
such as the bcl-2 family members, cytochrome 
c, and nitric oxide.**' The activated caspase cas- 
cade continues to initiate the induction of other 
apoptotic genes, including death promoters 
such as p53 or p21. 

Mutations in one of these tumour suppressor 
genes (p53), in particular, 1$ thought account 
for a large proponion of malignancies in 
human disease,^* and p53 is a major target for 
transforming viral oncoproteins." Other im- 
portant pro-apoptotic genes include chose that 
encode the endonuclease that degrades the 
DNA into 50 kb fragments, the biochemical 
hallmark of apoptosis in most, although not all, 
cell types."" Genes are also activated that lead to 
expression of other cell surface phagocyte rec- 
ognition moleculcti, Kuch as intercellular adhe* 
sion molecule 3 (ICAM 3).^' A crucial sicp 
appears to be the loss of membrane asymmetry, 



leading to the exposure of anionic phospholip- 
ids and phosphfltidylserine (PS). These are 
thought to be the molecular signals recognised 
by neighbouring phagocytic cells.*' Eventually, 
the plasma membrane of the cell begins to bud 
off encapsulating and packaging lysosomes, 
mitochondria, chromatin fragments (known 
also as Councilman bodies), and other degen- 
erate organelles including the Golgi/ 
endoplasmic reticulum (figs 1 and 3). 

STAGE 4: PHAGOCYTIC RECOGNTHON OF 

az»optotic bodies 

Tilt importance of this part of the process to 
normal tissue homeostasis and during the 
resolution of the inflammatory response is now 
well recognised^" " Hypothctically, defects in 




f^'i^ntrv J The tWirphoUtgy uf apoptosii. This 
photomicroen^ff^ 'fto^f ^ ctttture of prontmiocym U937 
celts, s<mie afvihich shata classic morpholosicai fcatura of 
apoptatit (arroto A). TMd cell niaHitd S shaoff the normal 
morplioftffy of a viabU neighbour for comp^trhon. 
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Aniofiic phospholipids 



phagocyte recognition of apopiotic cells may 
lead to persistence of inflaminatozy disease;, 
which is exacerbated because apoptotic cells 
eventually assume necrotic morphology (so 
called secondary necrosis). This idea has 
gained credence because it seems a particularly 
attractive explanation for persistent inHamma- 
don and dssue damage. As yet, there is little 
histopathological or clinical proof that such a 
mechanism occurs in vivo, but this field of work 
is continuing cq advance. 

The point at which apoptotic cells arc recog- 
nised by phagocytic cells is not really known, 
alihous^ it is probably at quite an early stage, 
because in tissues where cell turnover is high> 
the frequency of mature apoptodc bodies can 
be relatively Jow." Research into the mecha- 
" nisms involved in phagocytic recognition are 
still at an early stage. Several molecules on the 
surface of the phagocyte and the apoptotic cell 
have been identified as important mediators of 
the process (fig 4), most of which have turned 
cut to be cell surface molecules that have been 
familiar to immunologists and biochemists for 
quite a few years.*^** Research in this area is 
currently focused on the professional macro- 
phages of Icucocytic origin^ and much less is 
known sbout phagocytosis of apoptotic cells in 
odier systems. Key molecules on the phagocyte 
iticlude the class A scavenger receptors macro- 
sialin and ABC 1, the vitronectin receptor, and 
the class B scavenger recepj^^CP36 and 
CD 14 (a glycophospharidylinositol a'nchorcd 
protein which is the lipopolysaccharlde recep- 
tor). These molecules interact with several 
counter-receptors on the apoptotic cell includ- 
ing anionic phospholipids, PS, and ICAM 
On the phagocytic cell, the vitronectin receptor 
(avps integrin) and CD36 both have the ability 
to bind a bridging molecule thrombospondin. 
Although the parmer for thrombospondin 
bridging on the apoptotic cell has yet to be 
defined, likely candidates arc PS and ICaM 3, 
although the latter has been shown recendy to 
parmer CD 14," " 



Thrvmbospondin 
may bridge with PS 




Vitroaecttd receptor 



Phagocyte 



Fist^re 4 Pftagocytic rccogniifon cf an atopmic Ai present /iW* ix hiown about the 
iuUrticuMs between apopioik ctlh Md phagocytes, btti a series of molecules stent to he 
intportant irtdiiding pJiosphatidylscnnd (PS), anionic phosphoOpids, and iniraccHular 
adfiesion molecule 3 (ICAM 3). 77te hierarchical nature of these inraraeiions is nor^'ct 
kmrnm ^ut rccem evidence suggesu that JCAM 3 partners CD 14 on the macrophage. An 
importam pairhtg also seems to be benoeen PS and the vittottectin receptor or CD36. TJiif 
ptr>bahty nccun via flirunihtupthultti, ichich can avidly hind brilh uMleculeS on the 
phagocyte. 



The fact that the vitronectin receptor and 
CD36 can signal via tyrosine kinase implies 
tliat these molecules in particular might be of 
crucial imponance in the subsequent activa- 
tion of the signalling pathway in the phagocytic 
cell, about which virtually nothing is currendy 
known. 

How can apoptosis be studied? 

.MOLECLfLAR GENETICS 

Today's apoptotic research is becoming domi- 
nated be the power of modern molecular biol- 
ogy; in particular* the use of transgenic animal 
models to test the function of particular genes. 
There arc well known caveats to these models, 
the most important of which is that, as the 
number* of interactive gene products in any 
particular system increases, so docs die likeli- 
hood of redundancy. In~othcr words, when a 
gene is deleted and no biological effect is 
observed it is possible that Other pathways have 
compensated for the defect. That being said, 
transgenics' do continue to be a powerful 
analytical approach to the analysis of gene 
function. In relation to apoptotic cell deaths 
transgenic animals where death receptor genes, 
including Fas and CD40 or their cognate 
ligand encoding genes, have been deleted have 
given important dues as to the importance of 
these molecules for the regulation of apoptosis 
in several cell types.'*'" The Fas ligand 
"knockout animals" suffer from lymphoprolif- 
r- erative disease and liver hyperplasia. CD40" 
"liga nU- iuj iOckout animals arc also severely 
mimunocompromisca. Interestingly, CD40- 
ligand knockout animals are also susceptible to 
the development of cholangiocarcinoma, have 
hvcr hyperplasia, and fail to clear virally 
infected cells effectively.*' All these observa- 
tions underpin the systemic imponance of an 
effective functional apoptotic pathway . 

In addition, the ability to modify individual 
cell types, cither by gene deletion or inducing 
or inserting pro-apoptoric and antiapoptodc 
gcncs, has contributed grcady to our under- 
standing of the role of individual molecules in 
apoptosis. For example, manipulating hcpato- 
cytes to overexpress the survival factor gene 
bcl-2 makes tht cells resistant to Fas mediated 
apoptosis/' Molecular analysis of apoptotic 
gene mutations has also provided some tanta- 
lising clues about how malignant transforma- 
tion can occur. Aggressive tumour growth has 
been associated with mutations or the aberrant 
expression of several apoptotic genes, including 
bcl-2 family members, p53, Fas,*^ and CD40.'" 
An understanding of how these genes function 
offers great potential for therapeutic interven- 
tion. 

CELL ANT) MOLEWLAR BIOLOOV 

A great deal of information can also be gained 
from cell biology, molecular biology, and 
biochemical approaches to the study of cells in 
tissue culture, or ex vivo in tissue sections. 
These approaches fall into categories that 
relate to either the morphological or biochemi- 
cal assessment of apoptosis. There are no single 
specific markers of this process, imd it is widely 
accepted that several different techniques 
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should be carried out. As stand alone tech- 
niques go, the gold standard method for 
morphological assessment is electron micros- 
copy, where the ultrastructural changes that 
typify apoptosis can be seen in individual 
cells> 

Quantification of apoptosis requires other 
approaches, Elcctrophoretic analysis of DNA, 
the so called "DNA laddering technique", 
allows confirmation of the presence of de- 
graded DNAj but in most cases docs not 
permit quantitative assessment of the degree of 
apoptosis (fig 5)- This method is only really 
appropriate for isolated pure populations of 
cells. Assessing cell and nuclear morphology 
microscopically in combination with an 
immunohistochemical technique for detection 
~df~DNA - strand bi eak$--< ^ hj ch o cctir-at high 
frequency in apopiotic cells) is a widely used 
and generally accepted approach. 

There arc many apoptosis detection kits now 
commercially available that are based on DNA 
fragmentation! most being variations on similar 
themes. Two frequently used techniques are 
the in situ DNA end labelling method (ISEL)'' 
(fig 6) and the in situ terminal dcoxynucleoti- 




t\>!nre i EliiCirophor^iic analysh nf Z)AM from apoptotic ceih, Dt^A cxiram can be 
panjitfj^ run an an oijarovc fid, dnt/ tttthtiid v^itfi Jiuorcu'Jtir cifiufiitiu bmvtidc. DNA from 
upaptolic celh */«v*i/ polyiimrphx in this catc) fi*rtnt a diftiuiims* ladtltring pattern as 

ti ivsuli of onftmuclcasc dtiava^ (tone 7j. Lane 2<, DX4 itithKdfmut iwcrotic coils; hn^s 
mui 6. uo fantpio; Uiffex antf 4, DNA immcdimcty a/ur ifiUatioit (before rrearmcnt) ; i<"'( 
7, itiiuduf\! D\'A woleadar xvciKht ntarkm. Baud sices j;v iu kDa, 



dyl transferase d undine triphosphate nick end 
labelling (TUNEL) method.** Both techniques 
exploit the endonudease dependant cleavage 
of DNA. The assumption is made that diis 
occurs with much higher frequency in apop- 
touc cells than under any other circumstances. 
Both techniques rely on the labelling of the 
niclced DNA with a chromogen or fluorogen 
conjugated complex. 

Other techniques exploit the changes in 
nuclear morphology and cell membrane bio- 
chemistry, and in some circumstances allow for 
the automated measurement of apoptosis via 
flow cytometry. These methods rely on various 
combinations of propidium iodide, which can 
enter necrotic cells and stain the nucleus, and 
labelling of the cell surface phosphatidyl serine 
-residues, which arc expressed at early stages of 
apoptosis, with an anticoagulant protein called 
annexin V, conjugated to a reporter molecule, 
such as fluorescein or biotin (fig 7). 

The downstream intracellular events of 
apoptosis can also be assessed using a variety of 
cell and molecular biological approaches. 
Again an abundance of commercially available 
reagents are readily available. Gene expression 
and the consequent protein synthesis can be 
monitored using western immunoblotting (for 
proteins) and reverse transcriptase PCR (for 
mRNAs). A wide range of antibodies to recep- 
tors, ligands, -transcription factors, caspases, 
and tumour supressor gene products permits 
localisation of many molecules using immuno- 
hiscochcmiscry. There are also several chro- 
mogenic substrates, with varying degrees of 
specificity for the caspase family members, 
which allow for functional assessment of 
enzyme acovity. 

The implications of apoptosis in dise^e 
and potential for treanncnt 
The consequences of manipulating apoptosis 
are potentially beneficial and deleterious. 
Although we still have much to learn, we 
already know xhoi the system is extremely 
complex, and there are several areas where the 
modulation of apoptotic death could be of 
benefit in the treatment of disease in the future. 

(1) Control of malignant disease: the induc- 
don of apoptosis in malignant cells would 
be desirable. 

(2) Delay of premature senescence/ 
neurodegcherative disorders; the preven- 
tion or delay of apoptosis in neural cells is 
a desirable goal. 

(3) Reguladon of inflammatory disease: the 
induction of apoptosis and phagocytosis 
would be desirable for the suppression/and 
resolution of the inflammatory response. 

(4) Treatment of transplant rejection: the pre- 
vention of apoptosis in parenchymal cells 
and the induction of apoptosis for estab- 
lishing immunological tolerance (cells of 
the immune system) would both be desir- 
able in tills setting. 

(5) Regulation of tissue regeneration/repair: 
inducuon of apoptosis would be useful to 
limit fibroblast activity and control scar 
forma don. 
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Figure 6 Iddntificadan of apaptadc cells in tissue sections using in sizu end iabeiling 
(ISEL). Thisfigujv shoati 0. sudCft cf human Hver tissue from a patient with end stage 
primary biliary cirrhosis. Strongly staining tSELposiirve ceils (red) can be seen; in this 
ease, in cAe biU duct tmihin the portal tract. 
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Figure 7 Quanaiaxive assessmem ofap^oiis using fimo cytometry^ This figure show a 
lyptcal profile for a^txvat^d peripherxd blood lymphocytes that hM bten stained with 
prop^um tadide (FQ or annexin V and subjected tofiwmisc^nce activated c<M sorting. 
£a*:A dat represents an individual ceU, liable c^Bs stain zeith neither PI nor annexin V 
Apoptoac cells statn toith annexin Vonhy, vhenas necrotic cells stain taith both. 

The potential for therapeutic intervention in 
any of these scenarios is theoretically possible, 
and chore are already some studies in each of 
these settings thai suggest short term beneficial 
effects. The predominant problems with treat- 
ments aimed at such a widespread cellular 
mechanism are the difficulties associated with 
achieving the necessary degree of specific 
targeting to the cells or genes of interest. At the 
moment, strategies for the modulation of 
epoptosis involving both gene therapy and 
non-gcnc therapy approaches are being pur- 



sued vigorously worldwide. It remains to be 
seen which, if any, approach will be suf&denily 
successful to offer real hope for therapeutic use 
in the treatment of a disease where dysrcguU- 
don of cell death is implicated. 
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